Nucleosome assembly following DNA replication and gene transcription is important to maintain genome stability and epigenetic information. Newly synthesized histones H3-H4 first bind histone chaperone Asf1 and are then transferred to other chaperones for nucleosome assembly. However, it is unknown how H3-H4 is transferred from the Asf1-H3-H4 complex to other chaperones because Asf1 binds H3-H4 with high affinity. Here, we show that yeast Rtt101
INTRODUCTION
In eukaryotic cells, chromatin encodes epigenetic information and governs genome stability. The basic repeating unit of chromatin is the nucleosome, consisting of 146 base pairs of DNA wrapped around a histone octamer that contains one (H3-H4) 2 tetramer and two H2A-H2B dimers. As nucleosomes are barriers for machinery involved in gene transcription and DNA replication, nucleosomes must be disassembled to allow gene transcription and DNA replication machinery access to DNA. Following completion of gene transcription and DNA replication, DNA must be reassembled into nucleosomes to maintain original chromatin states. Therefore, nucleosome assembly plays an important role in various processes related to DNA transaction including DNA replication, DNA repair, gene transcription, and epigenetic memory (Burgess and Zhang, 2013; Groth et al., 2007; Nakano et al., 2011; Ransom et al., 2010; Stillman, 1986 ).
Deposition of H3-H4 molecules is the rate-limiting step of nucleosome formation (Luger, 2006) . During DNA replicationcoupled nucleosome assembly, replicated DNA is assembled into nucleosomes using both parental and newly synthesized H3-H4. While it remains an enigma how parental histones H3-H4 are deposited onto replicated DNA (Burgess and Zhang, 2013; Groth et al., 2007; Ransom et al., 2010) , it is believed that newly synthesized histones H3-H4 form a heterotrimeric complex with histone chaperone Asf1, which presents new H3-H4 to the Rtt109-Vps75 lysine acetyltransferase complex for acetylation of histone H3K56 (H3K56ac) (Collins et al., 2007; Driscoll et al., 2007; Han et al., 2007) . Asf1 binds the H3 interface involved in the formation of (H3-H4) 2 tetramers (English et al., 2006) ; thus, H3-H4 of the Asf1-H3-H4 complex must be transferred to two other histone chaperones, CAF-1 and Rtt106, which will deposit (H3-H4) 2 tetramers onto replicating DNA. In human cells, newly synthesized H3-H4 molecules also bind first to human Asf1a and Asf1b, two sequence homologs of yeast Asf1 (Campos et al., 2010) , before being transferred to CAF-1 during replication-coupled nucleosome assembly.
Nucleosome assembly also occurs following gene transcription and histone exchange in a DNA replication-independent pathway (Burgess and Zhang, 2013) . In budding yeast, histone chaperones Hir1, Asf1, and Rtt106 participate in this process (Kaufman et al., 1998; Silva et al., 2012) . In human cells, HIRA (the sequence homolog of yeast Hir1) and Daxx, which shares limited sequence homology with yeast Rtt106, are two H3.3-H4 histone chaperones that deposit H3.3-H4 at distinct chromatin regions (Drané et al., 2010; Goldberg et al., 2010; Tagami et al., 2004) in a replication-independent process. H3.3 is a histone H3 variant that differs from canonical histone H3 (H3.1/ H3.2) by four or five amino acids. Asf1a interacts specifically with HIRA and functions with HIRA during replication-independent nucleosome assembly (Tang et al., 2006) . Thus, it is hypothesized that both yeast and human Asf1 deliver H3-H4 to other chaperones during both replication-coupled and replicationindependent nucleosome assembly. Asf1 binds H3-H4 with high affinity, similar to that of CAF-1 or Rtt106 for H3-H4 (Donham et al., 2011; Winkler et al., 2012) in vitro. Therefore, it is unclear how H3-H4 can be transferred from Asf1 to other histone chaperones.
Rtt101 is a member of the cullin-RING finger E3 ubiquitin ligase family and functions to maintain genome stability. Rtt101 (the E3 core), Hrt1 (the RING finger protein), and Cdc34 (E2) are the core components for ubiquitylation reactions. It is proposed that Mms1 and Mms22 are adaptor proteins for substrate binding Zaidi et al., 2008) . Mms1 shares sequence homology with human DDB1, which binds CUL4A and CUL4B to form the Cul4 DDB1 E3 ligase (Havens and Walter, 2011; Jackson and Xiong, 2009; Lee and Zhou, 2007) . In budding yeast, cells lacking Rtt101 are sensitive to DNA-damaging agents and are defective in replication through damaged DNA or natural pause sites (Zaidi et al., 2008) . In human cells, the CUL4 DDB1 ubiquitylates various proteins involved in DNA replication and chromatin dynamics Abbas et al., 2008; Nakagawa and Xiong, 2011; Terai et al., 2010; Wang et al., 2006) . The expression of Cul4A is altered in a variety of cancers (Lee and Zhou, 2012) . Therefore, determination of how the Rtt101 Mms1 E3 ubiquitin ligase functions in the maintenance of genome stability may shed light on how alterations in human CUL4 contribute to diseases.
A genome-wide study in budding yeast indicates that Rtt101 functions in the same genetic pathway as Mms1, Mms22, Asf1, and Rtt109 to maintain genome stability. In contrast to the asf1D and rtt109D mutations that abolish H3K56ac in cells, cells lacking Rtt101, Mms1, or Mms22 have normal levels of H3K56ac (Collins et al., 2007) . Thus, it is not known how Rtt101, Mms1, and Mms22 function in the same genetic pathway as Rtt109 and Asf1. Here, we show that Rtt101 Mms1 binds and ubiquitylates H3K56ac-H4 preferentially over unmodified H3-H4 in vivo and in vitro. Furthermore, we show that histone H3 lysines 121, 122, and 125, which are located adjacent to the H3 interface involved in Asf1 binding, are ubiquitylated by the Rtt101 Mms1 E3 ubiquitin ligase. Cells lacking Rtt101 or expressing a H3K121,122,125R mutant are sensitive to DNA damaging agents and exhibit defects in the deposition of H3K56ac onto replicating DNA. Remarkably, the Asf1-H3 interaction is stabilized in these mutant cells. Defects in the deposition of new histone H3.1 and H3.3 and increased association of Asf1 with H3-H4 are also observed in human cells in which Cul4A or DDB1 is depleted. Together, our results reveal crosstalk between H3K56 acetylation and H3 ubiquitylation and a conserved mechanism whereby deposition of new H3 is regulated by an E3 ubiquitin ligase.
RESULTS

Rtt101
Ubiquitylates and Binds H3-H4 in an Mms1-Dependent Manner Genetic evidence indicates that Mms1, Mms22, and Rtt107 function in the same genetic pathway as Rtt101 to maintain genome stability (Collins et al., 2007) . We have previously shown that Rtt101 ubiquitylates Spt16, a subunit of FACT, in an Mms1-independent manner . Using a similar approach, we found that Rtt101, Mms1 and Mms22 were required for ubiquitylation of H3, H4, or their associated proteins. Briefly, H3 or H4, was purified from wild-type and various mutant cells expressing HA-tagged ubiquitin. Copurified ubiquitylated species were detected by western blot using antibodies against the HA epitope ( Figure 1A ). Ubiquitylated species copurifying with H3-TAP or H4-TAP were dramatically reduced in rtt101D and mms1D mutant cells compared to wild-type cells ( Figures 1B-1D ). Deletion of MMS22 also resulted in a reduction of ubiquitylated proteins copurified with H4, but to a lesser degree than deletion of MMS1 or RTT101, whereas deletion of RTT107 had no apparent effect (Figures 1D and S1A available online) . This result combined with results presented later in Figures 2 and 3 indicates that H3 is ubiquitylated by an Rtt101-containing ubiquitin ligase in vivo and that unlike Rtt101-mediated Spt16 ubiquitylation, H3 ubiquitylation requires Mms1 and Mms22. We hypothesized that Mms1 mediated the interaction between H3-H4 and Rtt101, which in turn promoted H3 ubiquitylation. To test this hypothesis, we first determined whether Rtt101 interacted with H3-H4 in vivo. In immunoprecipitation experiments using H3-TAP or H4-TAP, Rtt101 coprecipitated with either H3 or H4 in vivo ( Figure 1E ), and the amount of Rtt101 coimmunoprecipitated with H3 was dramatically reduced in mms1D and to a lesser extent in mms22D mutant cells compared to wild-type cells ( Figure 1F ). Finally, recombinant Rtt101-Mms1, but not Rtt101 alone, bound to recombinant H3-H4 in vitro ( Figure 1G ). These results indicate that Rtt101 binds and ubiquitylates H3-H4 in an Mms1-dependent manner.
Rtt101-Mms1 Binds and Ubiquitylates H3K56ac-H4
Preferentially over Unmodified H3-H4 In Vivo and In Vitro Genetic evidence suggests that Rtt101 functions downstream of the histone acetyltransferase Rtt109 and histone chaperone Asf1, two proteins required for H3K56ac (Collins et al., 2007) . Thus, we determined whether Rtt109 and Asf1 were required for ubiquitylation of H3 using the same procedures described for Figure 1A . Ubiquitylated species copurified with H3-TAP were greatly reduced in rtt109D and asf1D but not vps75D mutant cells compared to wild-type cells (Figures 2A and 2B ). In addition, ubiquitylated species copurified with H4-TAP were also significantly reduced in cells expressing a H3K56R mutant ( Figure S1B ). Vps75 is not required for H3K56 acetylation (Han et al., 2007) . These results strongly indicate that H3K56 acetylation is critical for Rtt101
Mms1 -mediated H3 ubiquitylation in vivo.
To understand how H3K56ac regulates H3 ubiquitylation in vivo, we performed two sets of experiments. First, we asked whether H3K56ac regulated the interaction of Rtt101-Mms1 with histone H3-H4. The interactions between Rtt101 and H3 were reduced in cells lacking Rtt109 or Asf1 ( Figure 2C ). In vitro, the recombinant Rtt101-Mms1 complex bound more H3K56ac-H4 than unacetylated H3-H4 ( Figure 2D , compare lanes 7-8 to lanes 5-6, and Figure S1C ). Thus, H3K56ac promotes interactions of H3-H4 with the Rtt101-Mms1 complex in vivo and in vitro.
Second, we asked whether the Rtt101 Mms1 complex ubiquitylated H3K56ac-H4 preferentially over H3-H4. More ubiquitylated species were detected when H3K56ac-H4 was used as the substrate in comparison to unmodified H3-H4 ( Figure 2E , compare lanes 7-8 to lanes 5-6). Mutating H3K56 to arginine abolished this effect ( Figure 2F , compared lanes 7-8 to lanes 5-6). Together, these results are consistent with the idea that H3K56ac is critical for H3 ubiquitylation and provides a mechanism whereby Rtt109 and Asf1 are required for Rtt101-mediated H3 ubiquitylation in vivo.
Rtt101 Ubiquitylates Three Lysine Residues on H3
We utilized a genetic approach to identify histone lysine residues that were potentially ubiquitylated by Rtt101 Mms1 E3 ligase. It is known that cells lacking Hst3 and Hst4, two H3K56ac deacetylases, grow poorly at 37 C and are sensitive to DNA damaging agents (Celic et al., 2006; Maas et al., 2006) . Deletion of Rtt101 or mutations at H3K56 suppresses these phenotypes (Collins et al., 2007) . We hypothesized that mutations at the Rtt101 Mms1 ubiquitylation site(s) of H3 or H4 might also suppress phenotypes of hst3D hst4D mutant cells. Therefore, we mutated each lysine residue on H3 or H4 alone, or in various combinations, in hst3D hst4D cells and tested the extent to which each of 22 mutants suppressed the temperature sensitivity (TS) and DNA damage sensitivity of hst3D hst4D cells. We found that mutations at five lysine residues (H3K79, H3K121, H3K122, H3K125, and H4K16) partially suppressed the phenotypes of hst3D hst4D (e.g., Figure 3A and Table S1 ) compared to rtt101D, suggesting that Rtt101
Mms1 may ubiquitylate these lysine residues. To test which lysine residues are ubiquitylated in yeast cells, we purified ubiquitylated species from cells expressing each of these mutants using the same procedures as in Figure 1 . Cells expressing H3K79R, H4K16R or H3K79R-H4K16R had little effect on the amount of ubiquitylated species copurifying with H3 or H4 ( Figure S1B and S1D), suggesting that H3K79 and H4K16 are unlikely to be the predominant ubiquitylation sites. In contrast, mutations at H3K121, H3K122 and H3K125 dramatically reduced the amount of ubiquitylated species copurifying with H4-TAP (Figures 3B and 3C) , with the H3K121,122R double mutant exhibiting greater defects than either single mutant alone (data not shown). The reduction in the amount of H4-associated ubiquitylated species was not due to reduced levels of H3K56ac in these histone mutant cells (data not shown, also see Figure 6 ). In vitro, the Rtt101
Mms1 E3 ligase ubiquitylated H3K122R-H4, H3K125R-H4 or H3K121,122,125R-H4 less efficiently than wild-type H3-H4 ( Figure 3D ). Together, these results indicate that H3K121, H3K122, and H3K125 are the predominant ubiquitylation sites of the Rtt101 Mms1 E3 ligase in vivo and in vitro. We made an antibody recognizing a branch peptide with four residues at the C terminus of Ub (GGRL) attached to H3K122 (H3K122ub). This antibody specifically recognized H3K122ub peptide over unmodified peptide in vitro ( Figure 3E ) and could detect two proteins copurified with H4 from wild-type but not from H3K121,122,125R mutant cells. The amounts of these two proteins were dramatically reduced in rtt101D cells compared to wild-type cells ( Figure 3F ). The apparent molecular weight of these two proteins corresponds to those of one histone H3 conjugated with two and six ubiquitin molecules (H3-Ub2 and H3-Ub6), respectively. In addition, this antibody could detect a protein with apparent molecular weight of H3-Ub6 from protein mixtures purified using acid extraction from wild-type, but not from rtt101D and H3K121,122,125R mutant cells ( Figure S2A ). This pattern of H3 ubiquitylation may prevent recognition by (B and C) Ubiquitylated species copurifying with H3 (B) or H4 (C) are reduced in rtt101D mutant cells. Histone H3 or H4, each tagged with the tandem affinity purification tag (TAP), was purified from wild-type (WT) and rtt101D mutant cells expressing HA-ubiquitin (HA-Ub). Purified proteins (IP) and proteins in whole-cell extracts (WCE) analyzed by western blotting using antibodies against the HA epitope, H3, or H4. No-TAP: a control purification using a strain without the TAP tag. (D) Ubiquitylated species copurified with H4 are markedly reduced in mms1D and mms22D mutant cells. (E and F) Rtt101 binds H3-H4 in an Mms1-dependent manner in vivo. H3-TAP or H4-TAP was purified from wild-type, mms1D or mms22D cells expressing Rtt101-3HA proteins. Proteins in IP and in WCE were detected using western blot. Strains with empty vector (vector) and without any TAP tag proteins were used as controls. (G) Rtt101-Mms1, but not Rtt101, binds H3-H4 in vitro. GST pull-down assays using GST-Rtt101 or GST-REGa (negative control) were performed as described in Experimental Procedures. Protein bands marked by asterisk (*) may be degradation products. See also Figure S1 . the 26S proteasome. Consistent with this idea, the half-life of newly synthesized H3-H4 was not altered in rtt101D mutant cells (Figures S2B and S2C) . Together, these results indicate that Rtt101
Mms1 -catalyzed H3 ubiquitylation of lysine 121, 122, and 125 mediates a function other than H3 degradation.
Cells Expressing H3 Ubiquitylation-Deficient H3 Mutants Are Sensitive to DNA Damaging Agents and Exhibit Spontaneous Chromosome Breaks Cells lacking Rtt101 are sensitive to DNA damaging agents and exhibit increased spontaneous chromosome breaks (Collins et al., 2007; Zaidi et al., 2008) . We determined whether cells harboring mutations at H3K121, 122, or 125 exhibited these phenotypes. Cells expressing each single mutant were slightly sensitive to three DNA damaging agents (HU, MMS, and CPT), with H3K122R mutant cells showing the greatest defects. The H3K121,122,125R triple mutant cells, which grow slowly, appeared to be more sensitive to DNA damaging agents than either single mutant alone ( Figure 4A ), consistent with the idea that these three lysine residues are ubiquitylated in vivo. Rad52 is a protein involved in homologous recombination and forms foci at chromosome breaks (Lisby et al., 2003) . Like rtt101D mutant cells, cells expressing each ubiquitylation-deficient mutant exhibited a marked increase in the number of cells containing Rad52 foci ( Figure 4B ), an indication of increased spontaneous chromosome breaks. These results suggest that Rtt101 and H3 ubiquitylation are required for the maintenance of genome stability under normal as well as genotoxic stress conditions. We also performed epistasis analysis of rtt101D, H3K121R, H3K122R and H3K125R alone and in combination. The rtt101D H3K121R double-mutant cells were only slightly more sensitive to DNA damaging agents (HU, MMS, and CPT) than either rtt101D or H3K121R mutant alone. In contrast, deletion of RTT101 in H3K122R, H3K125R, H3K121,122R or H3K121, 122 ,125R mutant cells resulted in a synergistic increase in sensitivity toward genotoxic agents compared to rtt101D cells or each Mms1 ubiquitylates H3 mutants less efficiently than wild-type H3 in vitro. In vitro ubiquitylation assays were performed using wild-type H3-H4 as well as H3-H4 mutants, each containing an indicated mutation at H3. (E) The antibodies against H3K122ub specifically recognize H3K122ub peptide in vitro. Left: PonS staining of membrane spotted with a H3K122 (H3) peptide and a branch peptide (H3K122ub). Right: western blot analysis using anti-H3K122ub antibody.
(F) H3K122 ubiquitylation was detected in vivo. Proteins copurified with H4-TAP from wild-type, rtt101D and H3K121,122,125R (H3 3KR) mutant cells were detected using antibodies against H3, H4, or H3K122ub. Proteins bands with apparent molecular weight corresponding to di-and hexa-ubiquitylated H3 were marked as H3-Ub2 and H3-Ub6, respectively. See also Table S1 and Figure S2 .
corresponding H3 mutant alone ( Figures 4C and S2D ). These results are consistent with the fact that Rtt101 has other substrates such as Spt16 in addition to histone H3 and that H3K122 is also known to be acetylated in human cells and fission yeast (Tropberger et al., 2013) .
Rtt101 and H3 Ubiquitylation Are Required for Replication-Coupled Nucleosome Assembly Rtt109 and H3K56ac are involved in replication-coupled nucleosome assembly (Li et al., 2008) . We asked whether Rtt101 and H3 ubiquitylation also participated in DNA replication-coupled nucleosome assembly using four sets of experiments. First, we Figure S2D .
determined whether RTT101 genetically interacted with mutations at lysine residues of H4 (H4K5,8,12R ). Acetylation of H4K5, H4K8, and H4K12 of newly synthesized H4 is implicated in replicationcoupled nucleosome assembly (Verreault et al., 1996) . The rtt101D H4K5,8,12R mutant cells were more sensitive to each of the three DNA damage agents (HU, MMS, and CPT) than either the rtt101D or H4K5,8,12R mutant alone ( Figure 4D ). When combined with the H4K5, 8,12R mutant, H3K125R-H4K5,8, 12R, H3K122R-H4K5,8,12R, and H3K121, 122R-H4K5,8 ,12R mutant cells were also more sensitive to DNA damaging agents than the H3K122R, H3K125R or H4K5,8,12R mutant alone ( Figures 4D  and 4E ). These results suggest that Rtt101 and ubiquitylation at H3K121, K122, and K125 are genetically linked to DNA replication-coupled nucleosome assembly. Second, we determined whether H3K122ub could be detected at replicating DNA using sequential chromatin immunoprecipitation (ChIP) assays. Briefly, wild-type and rtt101D, H3K121, 122,125R mutant cells were synchronized at G1 and then released into fresh media containing HU. While having no effect on initiation of DNA replication at early replication origins such as ARS305 and ARS607, HU slows down replication forks originating from early replication origins and prevents them from reaching distal sites (12 kb distal to ARS305, ARS305+12 kb or 14 kb distal to ARS607, ARS607+14 kb) (Tercero and Diffley, 2001) . ChIP assays were performed at G1 phase (0 min) and early S phase (30 and 45 min following release) first using antibodies against H4-TAP tag. After elution, the H4-ChIP DNA was immunoprecipitated using antibodies against H3K122ub ( Figure 5A ). As expected, H4 was detected at both replicating DNA (ARS607) and nonreplicating DNA (ARS607+14kb) in both G1 and early S phase cells (Figure S3A) , and deletion of RTT101 or mutations at H3K121,122,125 had no apparent effect on H4 occupancy at these chromatin regions ( Figure S3A ). In contrast, H3K122ub was detected at replicating DNA (ARS607), but not nonreplicating DNA (ARS607+14kb) in wild-type cells. Furthermore, H3K122ub ChIP signals at replicating DNA were dramatically reduced in rtt101D or H3K121,122,125R mutant cells compared to wild-type cells ( Figure 5B ). These results indicate that H3K122ub is deposited onto replicating DNA during S phase of the cell cycle.
Third, we asked whether Rtt101 and H3 ubiquitylation were required for efficient deposition of new H3 marked by H3K56ac onto replicating DNA when cells were released from G1 to early S phase in the presence of HU. Consistent with previous reports (Burgess et al., 2010; Li et al., 2008) , more H3K56ac were detected at ARS305 and ARS607 than the corresponding distal sites at early S phase when cells were released from G1 ( Figures 5C and 5D ). Importantly, deposition of H3K56ac at ARS305 and ARS607 was dramatically reduced in rtt101D, H3K121,122,125R ( Figures 5C and 5D ) and mms1D ( Figures S3B and S3C ) mutant cells compared to wild-type cells. This reduction in H3K56ac in rtt101D or H3K121, 122,125R cells was not due to reduced levels of H3K56ac in cell extracts (Figures S3D and 6 ). Finally, we observed that deposition of H3K56ac was also reduced at replicating DNA (ARS607 and ARS607+14kb, 40 min) after cells were released into S phase without HU ( Figures 5E and 5F ). These results indicate Rtt101 and H3 ubiquitylation are required for efficient deposition of new H3 onto replicating DNA in budding yeast. (B) H3K122ub is enriched at replicating DNA. ChIP assays were performed using wild-type, rtt101D, and H3K121,122,125R (3KR) mutant cells when these cells were arrested at G1 and released into S phase in the presence of HU. All ChIP DNAs were analyzed using two different primer pairs amplifying ARS607 and ARS607+14Kb by a real-time PCR and the results from the first H4-TAP ChIP were shown in Figure S3A . The percentage of immunoprecipitated DNA over the total input DNA was reported. No-TAP strain was used as negative control. (C-F) The deposition of new H3K56ac is reduced in cells lacking Rtt101 or cells expressing H3K121,122,125R mutant. Cells were synchronized at G1 using a-factor and then released into fresh medium with 0.2 M HU (C and D) or without HU (E and F) for indicated time. ChIP assays using antibodies against H3K56ac were performed and ChIP DNAs were analyzed using four different primer pairs as indicated in figures using a quantitative PCR (±SD). Each ChIP experiment was repeated at least three times, with results from on representative experiment shown). See also Figure S3 .
Rtt101 and H3 Ubiquitylation Regulate the Association of H3-H4 with Histone Chaperones Asf1 and Rtt106 in Budding Yeast
Since the loss of Rtt101 had no apparent effect on the half-life of new H3 or H3K56ac ( Figures S2B and S2C) , we tested whether Rtt101 and H3 ubiquitylation regulated the association of H3-H4 with each of three histone chaperones involved in deposition of H3K56ac: Asf1, CAF-1 and Rtt106 (Li et al., 2008; Ransom et al., 2010) . Deletion of RTT101 and expression of H3K125R, H3K121,122R, or H3K121,122,125R resulted in marked increases in the association of H3 with Asf1 ( Figures 6A and  S4A ). In addition, recombinant Asf1 bound less H3-H4 molecules that were ubiquitylated by the Rtt101
Mms1 E3 ligase than unmodified H3-H4 in vitro (Figures 6B, compare lanes 5-6 to lanes 3-4, and S4B). Together, these results indicate that H3 ubiquitylation weaken the interaction between Asf1 and H3-H4. H3K121, K122, and K125 are located close to the H3 interface involved in Asf1 binding ( Figure S5 ), and it is conceivable that attachment of one or more ubiquitin molecules to these lysine residues can disrupt the contact between Asf1 and H3-H4. The association of H3 with Rtt106 was dramatically reduced in each of the mutant cells tested (rtt101D, H3K125R, H3K121,122R, and H3K121,122,125R) (Figures 6C and S4C) . Interestingly, the association of CAF-1 with H3-H4 was not affected to a detectable degree in each of the mutant cells tested ( Figure S4D ). These results indicate that Rtt101 and H3 ubiquitylation weaken the H3-Asf1 interaction, which facilitates the transfer of H3-H4 from Asf1-H3-H4 complex to other histone chaperones including Rtt106. Consistent with this interpretation, more H3 molecules were disassociated from the (His) 6 -Asf1-H3-H4 complex immobilized to the Ni-NTA beads when H3 was ubiquitylated by Rtt101
Mms1 E3 ligase. In addition, more H3 (D) H3 ubiquitylation promotes transfer of H3-H4 from the Asf1-H3-H4 complex to Rtt106. Top: outline of Experimental Procedures. Asf1-H3K56ac-H4 proteins were immobilized to Ni-NTA beads using the (His) 6 tag on Asf1. Ubiquitylation reactions using immobilized Asf1-H3K56ac-H4 and Flag-Ub as substrates with (+) or without (À) E1 were performed. Half of the supernatants from each reaction were removed and precipitated with TCA, and the remaining reaction mixtures containing Ni-NTA beads were incubated overnight with addition of GST-Rtt106. After removal of Ni-NTA beads, GST-Rtt106 was pulled down from supernatants. Proteins in the TCA precipitates as well as bound to GST-Rtt106 were analyzed by western blot (WB) using antibodies against Flag (bottom left), histone H3, Asf1 and Rtt106 (bottom right). See also Figures S4, S5 , and S7.
from the immobilized Asf1-H3-H4 complex were transferred to Rtt106 when H3 was ubiquitylated ( Figure 6D ). These results support the idea that H3 ubiquitylation by Rtt101 Mms1 E3 ligase weakens the Asf1-H3 interaction, facilitating the transfer of H3-H4 from the Asf1-H3-H4 complex to other histone chaperones.
The Cul4A-DDB1 E3 Ligase Regulates Both Replication-Coupled and Replication-Independent Nucleosome Assembly in Human Cells Mms1 shares sequence homology to DDB1, an adaptor protein for Cul4A and Cul4B E3 ubiquitin ligases (Zaidi et al., 2008) . Cul4A-DDB1 are known to ubiquitylate H3 and H4 in human cells (Wang et al., 2006 ). Therefore, we tested whether the Cul4A DDB1 E3 ligase has any role in nucleosome assembly of H3-H4 in human cells. In addition to canonical histone H3 (H3.1/H3.2) that are deposited by CAF-1 in a replication-coupled nucleosome assembly, human cells express histone H3 variant H3.3 that is deposited by HIRA and Daxx in a replication-independent process (Goldberg et al., 2010; Tagami et al., 2004) . To monitor the deposition of newly synthesized H3.1 and H3.3, we utilized cell lines exogenously expressing H3.1 or H3.3, each tagged with the SNAP tag, and performed the ''quench-chase'' experiment as outlined in Figure S6 Figure 7A ) and by using a chromatin fractionation assay ( Figures S6A and S6B ), suggesting that deposition of new H3.1 is compromised in Cul4A-and DDB1-depleted cells. In addition, depletion of Cul4A and DDB1 also compromised the deposition of H3.3 compared to controls cells ( Figures 7B and S6C) . Thus, Cul4A and DDB1 are required for efficient deposition of both new H3.1 and H3.3 in human cells. Next, we determined whether Cul4A and DDB1 regulated interactions between histone H3.1 and H3.3 with their associated histone chaperones including Asf1a and Asf1b, which bind both H3.1 and H3.3. Depletion of Cul4A and DDB1 resulted in a dramatic increase in the amounts of histone H3 copurified with Asf1a and Asf1b ( Figures 7C, 7D, S6D , and S6E). In contrast, depletion of Cul4A ( Figure 7E and S6F) and DDB1 (Figures 7F and S6G) led to a marked reduction in the interaction between H3.1 and CAF-1 as well as the association of H3.3 with its specific chaperones Daxx and HIRA. Thus, Cul4A-DDB1 E3 ubiquitin ligase also curbs the Asf1a/Asf1b-histone interactions in human cells, which in turn may regulate the interactions between histones H3.1 and H3.3 with their corresponding histone chaperones and subsequent deposition onto DNA in human cells.
DISCUSSION Histone Acetylation Promotes Histone Ubiquitylation
Genetic studies suggest that RTT101 and MMS1 function in the same genetic pathway as RTT109 and ASF1 in maintenance of genome stability (Collins et al., 2007) . Here, we present the following lines of evidence supporting the idea that the Rtt101
Mms1 E3 ubiquitin ligase ubiquitylates H3K56ac-H4 preferentially over unmodified H3-H4, revealing mechanistic insights into the function of Rtt101 Mms1 in the maintenance of genome stability. First, H3 is ubiquitylated in yeast cells, and this ubiquitylation depends on Rtt101 and Mms1. Second, H3 ubiquitylation depends on Asf1 and Rtt109, but not Vps75, suggesting that H3K56ac is required for Rtt101 Mms1 -mediated H3 ubiquitylation in vivo. Consistent with this interpretation, we show that Rtt101 binds H3-H4, and this association depends on Mms1, Asf1, and Rtt109 in vivo. In vitro, Rtt101-Mms1 binds and ubiquitylates recombinant H3K56ac-H4 preferentially over unmodified H3-H4. Together, these results strongly support a model by which H3 is ubiquitylated: following Rtt109-Vps75-catalyzed acetylation of H3K56, Mms1 binds H3K56ac-H4 and presents new H3-H4 for ubiquitylation by the Rtt101 Mms1 E3 ligase ( Figure S7) .
A large number of posttranslational modifications (PTM) have been detected on histone proteins and some of these PTMs are functionally linked to specific cellular processes (Suganuma and Workman, 2008) . For instance, in S. cerevisiae, H2B ubiquitylation by Rad6 is essential for H3K4 methylation Sun and Allis, 2002) . Our results indicate that H3K56ac promotes H3 ubiquitylation by Rtt101
Mms1 ubiquitin ligase, revealing crosstalk between histone acetylation and histone ubiquitylation. This finding may also have a general implication on the function of protein acetylation and ubiquitylation. Acetylation has been detected on many proteins in addition to histones, and it is as abundant as protein phosphorylation (Choudhary et al., 2009; Zhao et al., 2010) . It is well documented that protein phosphorylation is important for its ubiquitylation by the family of SCF ubiquitin ligases (Skowyra et al., 1997) . It is unknown whether acetylation of internal lysine residues can promote protein ubiquitylation. Therefore, our studies provide evidence for a paradigm that acetylation of internal lysine residues can serve as a signal for protein ubiquitylation, which in turn regulates protein stability and/or other cellular functions. (legend continued on next page)
Asf1 binds the H3 interface involved in formation of (H3-H4) 2 tetramers (English et al., 2006) . It is proposed that H3-H4 in the Asf1-H3-H4 complex must be transferred to histone chaperone CAF-1 during DNA replication-coupled nucleosome assembly and histone chaperone HIRA during DNA replication-independent nucleosome assembly (Burgess and Zhang, 2013; Groth et al., 2005; Groth et al., 2007; Li et al., 2008; Ransom et al., 2010) . In vitro, Asf1 binds H3-H4 with high affinity (Donham et al., 2011) , similar to or higher than that of the binding of H3-H4 to CAF-1 or Rtt106 (Su et al., 2012; Winkler et al., 2012) . In principle, the interaction between Asf1 and H3-H4 should be weakened to facilitating the transfer of H3-H4 from the Asf1-H3-H4 complex to other histone chaperones. We propose that by negatively regulating Asf1-H3 interactions, Rtt101
Mms1 and Cul4A DDB1 facilitate the dissociation of H3-H4 from the Asf1-H3-H4 complex, regulating a key step in replication-coupled and replication-independent nucleosome assembly. Supporting this interpretation, we show that more histone H3 is transferred to Rtt106 after ubiquitylation of H3-H4 by Rtt101 Mms1 in vitro.
In addition, three histone H3 lysine residues (K121, K122 and K125) that are ubiquitylated by Rtt101 Mms1 in budding yeast are located close to the Asf1-H3 binding interface consisting of C-terminal a3 helix (residues 122-134, Figure S5 ) (English et al., 2006) . It is possible that addition of an ubiquitin(s) moiety at the three lysine residues of yeast histone H3 could change the conformation of the a3 helix and/or obstruct the Asf1-H3 interaction due to the large size of ubiquitin. Of the three H3 lysine residues (K121, K122 and K125) identified affecting H3 ubiquitylation in yeast cells, H3K122 is highly conserved in human histone H3.1/H3.2 and H3.3. Also H3K122 ubiquitylation of both H3.1 and H3.3 has been detected by mass spectrometry (Kim et al., 2011) . We propose that Cul4A DDB1 regulates the association of Asf1 with H3-H4 through a mechanism similar to that of Rtt101 Mms1 . Deletion of RTT101 did not have a detectable effect on the CAF-1-histone interaction in yeast cells. In human cells, while depletion of Cul4A and DDB1 leads to a consistent reduction in binding of CAF-1 to histone H3.1-H4, the extent of the reduction is smaller than that of HIRA or Daxx for H3.3-H4. These results suggest that in addition to H3 ubiquitylation, the transfer of H3-H4 from Asf1 to CAF-1 is likely also regulated via other mechanisms. In budding yeast, the Asf1-H3 interaction is also regulated by the checkpoint kinase Rad53 (Hu et al., 2001) . Future studies are needed to address whether Rad53 or other factors function with Rtt101
Mms1 and Cul4A DDB1 to regulate this important step of nucleosome assembly. Both Rtt101 Mms1 and Cul4A DDB1 E3 ligase are important to maintain genome stability. We suggest that the ability of Rtt101
Mms1 and Cul4A DDB1 in maintenance of genome stability is due, in part, to their roles in nucleosome assembly, a process that is important for maintaining genome integrity and epigenetic memory (Burgess and Zhang, 2013; Groth et al., 2007; Ransom et al., 2010) . Overexpression of Cul4A has been documented in a variety of cancers (Lee and Zhou, 2010) . Asf1b is overexpressed in breast cancer and is predictive for the outcome of this disease (Corpet et al., 2011) . In addition, histone chaperone Daxx is mutated in pancreatic neuroendocrine tumors and pediatric brain tumors (Heaphy et al., 2011; Jiao et al., 2011) . Therefore, we propose that cancer cells may have evolved a mechanism to deregulate nucleosome assembly pathways, which in turn alter genome stability and/or epigenetic states to facilitate tumorigenesis. Future challenges would be to translate molecular insights into the regulations of nucleosome assembly pathways for a better understanding of human diseases including cancer.
EXPERIMENTAL PROCEDURES
Yeast Strains
The yeast strains are listed as Table S2 . Standard yeast media and manipulations were used.
Detection of Ubiquitylated Species
We followed a published procedure to detect ubiquitylated species in yeast cells . Briefly, yeast strains containing the TAP-tagged H3 or H4 were transformed with the plasmid pGPD416-Ub expressing HA-ubiquitin. A standard TAP purification procedure was then followed to purify TAPtagged proteins first using IgG sepharose beads (GE Healthcare) and then using calmodulin sepharose beads. Purified ubiquitylated species were detected by western blot using antibodies against the HA epitope and H3 or H4 was detected using antibodies against CBP that was fused to H3 or H4. Because ubiquitylated species are labile, it is important to perform experiments at the same time when comparing the effect of two mutants on copurified ubiquitylated species.
In Vitro Ubiquitylation Assay
To test whether Rtt101 ubiquitylates histone H3-H4 in vitro, a 200 ml reaction mixture including 25 ng yeast E1, 155 ng Cdc34 (E2), 1 mg Rtt101 (E3), 2 mg Drosophila or yeast H3-H4 tetramer (substrate), 25 ng FLAG-Ub, and 5 mM ubiquitin aldehyde was assembled in a buffer containing 50 mM Tris-HCl [pH 7.5], 5 mM MgCl 2 , 0.6 mM DTT, 2 mM ATP, and 200 mM Na 3 VO 4 . Control reactions without E1, E2, E3, or substrates were also assembled similarly. Following incubation at 30 C for 1 hr, ubiquitin or ubiquitylated proteins were either precipitated using M2 anti-FLAG beads (Sigma) or total proteins by TCA. Ubiquitylated proteins were detected by western blot using antibodies against the FLAG epitope. Recombinant Cdc34 was purified from E. coli. The Rtt101 Mms1 E3 ligase was purified from yeast cells using tandem affinity purification using either an Rtt101-or Mms1-TAP strain.
In Vitro Histone Binding Assays
Recombinant Drosophila H3-H4 proteins (0.1, 0.25, and 0.50 mg) were incubated with GST-Rtt101 fusion protein (2 mg) purified from E. coli or GSTRtt101-Mms1-Flag complex purified from Sf9 cells in a buffer containing 25 mM Tris-HCl [pH 7.6], 150 mM NaCl, 10 mM imidazole, and 0.2% Triton X-100 at 4 C for 2 hr. Glutathione agarose (GE Healthcare) or M2 beads (Sigma) were added. After incubation at 4 C for 2 hr, the beads were washed extensively with a buffer containing 25 mM Tris-HCl [pH 7.6], 500 mM NaCl, 20 mM imidazole, and 0.2% Triton X-100. The bound proteins were eluted using 13 SDS sample buffer, resolved by SDS-PAGE and detected by western blot using the relevant antibodies indicated in figures. GST-REGa, a mammalian proteasome binding protein, was used as a negative control. Recombinant H3-H4 were acetylated by Rtt109-Vps75 complex in the presence or absence of acetyl-CoA as described (Li et al., 2008) and used for the in vitro binding assays as well as in vitro ubiquitylation assays described above. Chromatin immunoprecipitation assay (ChIP) and DNA damage sensitivity assays were performed as previously described (Li et al., 2008) . Other procedures including H3.1 and H3.3-SNAP staining, H3K122ub antibody production were described in the Supplemental Information.
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